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Abstract—Electric field coupling into electrically small 

monopoles/dipoles and magnetic field coupling into electrically 
small loop antennas has been investigated extensively due to their 
applicability to a wide range of applications.  However, under 
certain conditions electrically small folded antenna structures 
exist in which both coupling mechanisms must be included 
simultaneously in order to perform an accurate system analysis.  
In this paper we present a low frequency model that includes 
both electric and magnetic field coupling simultaneously for a 
folded antenna with two gaps.  Values for a circuit model are 
found using an electrostatic finite element code and a full wave 
frequency domain finite element code.  The circuit model is then 
validated by a full wave finite difference time domain code.  For 
the time domain analysis the antenna structure is excited by 
fields from a lightning pulse.  The time domain simulation has 
excellent agreement with the circuit model that is presented.  

I. INTRODUCTION 
Coupling of unwanted electric fields (E-fields) and 

magnetic fields (B-fields) into systems can often harm 
systems and components.  In order to verify that a system is 
immune, analysis of different coupling scenarios must be 
performed.  Cables such as power cords can extend from 
devices in many different ways.  When performing a coupling 
analysis for low frequency pulses good results can often be 
obtained by accounting for only E-field coupling into 
monopole type antenna configurations or only B-field 
coupling into loop type antenna configurations that are formed 
by the cable.  When the cable forms a folded antenna with a 
gap at each end of the cable, both E-field and B-field coupling 
can occur simultaneously.  Often one can neglect the B-field 
coupling when the ratio of E/B produced by the pulse is large 
enough and the gap capacitances are small.  However, if the 
system is in a cavity type of structure where E/B is decreased, 
one cannot neglect the B-field coupling.  This coupling 
scenario is one that has received little discussion. 

One important application for this coupling scenario is for 
electro-explosive device safety [1]-[3].  Many times electro-
explosive devices are stored in bunker type facilities.  The 
rebar in the structure serves as a lightning protection system.  
However, penetrations and discontinuities in the rebar can 
cause E-fields and B-fields to be created inside the facility 
when the facility is struck by lightning [1].  A cable that is 
attached to the detonator can behave as an antenna and cause a 
voltage to develop over the detonator [2], [3].  If the voltage is 
too large an electrical spark can occur that may ignite the 
explosives in the detonator [2], [3].  Thus, it is important for 

worker safety and to protect property to make sure that such 
coupling does not cause an unintended explosion. 

The coupling into the cable we will investigate is closely 
related to folded dipoles [4]–[7] and loaded loops [8]-[10].  In 
analysing a folded antenna it is often convenient to 
decompose the voltages on the antenna into two modes, a T-
line mode (differential mode), and a dipole mode (common 
mode).  One must take care when analysing coupling into 
folded antenna structures that the appropriate modes and 
excitations are taken into account [11]-[13].  When coupling 
into a folded antenna with two gaps we will see that the 
differential mode is excited by a loop antenna type coupling 
and the common mode by a monopole type coupling.  The 
distributed capacitance of the structure and the capacitances 
formed at the gaps will determine the total voltages developed 
over each gap. 

To help illustrate the coupling we will analyse the two 
folded antennas shown in Fig. 1.  All dimensions have been 
set equal to multiples of 2 mm to aid FDTD simulations.  The 
wire cross-section is square with sides 2 mm.  Both antennas 
are connected to a T-line/load capacitance (red in Fig. 1) 
which extends into the ground plane through a small aperture.  
In Fig. 1 (a), the second gap is formed at the end of the cable 
and represented by a capacitance below the ground plane on 
the bottom right side of the figure.  In Fig. 1 (b), the second 
gap is between two cables.  For each structure we will refer to 
the two gaps as the load gap and the parasitic gap.  The 
ground plane is shown on the bottom of the figure, not shown 
is the top conductor at 0.8 m which forms a parallel plate 
waveguide with the bottom plane.  In Sect. II we will create a 
circuit model for each of these configurations.  This circuit 
model is validated using an FDTD analysis in Sect. III.   

        
 
 
Fig. 1.  Folded antenna structures with dimensions in millimeters and two 
gaps.  The red portion indicates the load.  Figure 1(a) will be referred to as the 
continuous case and Fig. 1 (b) will be referred to as the discontinuous case.  

(a) (b) 



II. CIRCUIT MODEL 
The proposed low frequency lumped element circuits for 

the E-field and B-field coupling are shown in Fig. 2.  The 
circuit in Fig. 2 (a) is for E-field coupling and the circuit in 
Fig. 2 (b) is for B-field coupling.  In these circuits CL 
represents the T-line/load capacitance (for remainder of paper 
referred to as load capacitance).  In Fig. 2 (a), vSE is the source 
voltage excited by E-field coupling developed at the load end 
of the antenna with no load is attached.  It is related to the 
effective height of the antenna by vSE = heff · E.  The antenna 
capacitance for E-field coupling is CAE.  In Fig. 2 (b), vSB is the 
source voltage excited by B-field coupling and is given by vSB 
= ∂/∂t∫∫B·ds, where ds is the incremental surface of the loop 
formed by the folded antenna.  CPB and CAB represent 
distributed capacitances of the structure that have been 
lumped such that CPB is attributed to the capacitance at the 
parasitic end of the cable and CAB is attributed to the load end.   

The circuit in Fig. 2 (a) is the same as that of a small 
monopole or dipole with a load attached.  We see that Fig. 2 
(b) is different than that of an ordinary small loop antenna.  A 
conventional small loop antenna has the same circuit topology 
as Fig. 2 (a) with vSE replaced by vSB and CAE replaced by the 
inductance of the loop antenna.  In Fig. 2 (b) we see that the 
low impedance from the inductance has been neglected in 
comparison to the two capacitances CPB and CAB.  The voltages 
developed over CL for the E-field coupling circuit, vLE, and the 
B-field coupling circuits, vLB, are given by (1) and (2), and the 
voltage developed over CPB is given by (3). 
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Fig. 2.  Circuits for (a) E-field coupling and (b) B-field coupling into folded 
antenna structure with multiple gaps. 
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We will now begin to determine the circuit elements for the 

two configurations shown in Fig. 1.  The first circuit elements 
that we will determine are the capacitances for the E-field 
coupling circuit.  Three different loads will be used.  The 
loads are all square with cross sectional lengths of 22, 42, and 
62 mm.  The capacitances are computed using the electrostatic 
finite element code MAXWELL 3D by placing the loads at 1 
V, and the ground plane at 0 V.  The capacitances are 

determined using the relation C=2We/V2, where We is the 
electrostatic energy.  The electrostatic energy densities used to 
compute the capacitances are shown in Fig. 3 and the 
computed capacitance values are given in Table I. 

 

 
 

Fig. 3.  Energy density used in computing the capacitances for loads with 
cross sectional lengths of (a) 22 mm, (b) 42 mm, and (c) 62 mm. 

 

TABLE I 
LOAD CAPACITANCES IN PICOFARADS 

CL1 CL2 CL3 
2.84 6.98 12.90 

 
Next, we compute CAE, once again using the relationship 

between electrostatic energy and capacitance.  This is 
accomplished by removing the load so that the antenna is open 
circuited and placing 1 V on the antenna.  The resultant 
energy density is shown in Fig. 4 (a) for the continuous folded 
antenna case and results are given in the second column of 
Table II.  One can perform a check on the calculations by 
attaching the load to the antenna and computing the total 
capacitance, as illustrated in Fig. 4 (b) for discontinuous 
folded antenna case.   The results are given in the last three 
columns of Table II.  By adding the load capacitance values 
given in Table I to the values for CAE, we see that excellent 
agreement is found with the last three columns of Table II. 
 

 
 

Fig. 4.  Energy density used to compute (a) CAE for the continuous case and (b) 
CAE + CL3 for the discontinuous case. 

 

TABLE II 
CAPACITANCES FOR ANTENNAS WITH DIFFERENT LOADS IN PICOFARADS 

 Open (CAE) CAE+CL1 CAE+CL2 CAE+CL3 
Continuous  9.60 12.30 16.44 22.36 
Discontinuous 4.64 7.34 11.48 17.40 

(a) (b) 

(a) (c) (b) 

(a) (b) 



     The frequency domain full wave finite element solver 
HFSS is used to determine the remaining circuit elements in 
Fig. 2.  A uniform plane wave at 1 MHz with E = 1 V/m 
excites the structure (e+jωt time dependence).  The E-field is 
polarized in the y-direction and propagates in the z-direction, 
such that the B-field is normal to the loop formed by the 
folded antenna.  Line integrals of the E-field are than 
performed from ground to the antenna at both gaps to 
determine the voltages at each gap.  When the load is removed 
(open circuit), the real part of the voltage gives vSE.  This is 
illustrated in Fig. 5 (a) for the continuous case showing the 
resultant magnitude for the real part of the E-field.  This 
voltage is the same for both gaps.   By attaching a load to the 
antenna, as illustrated in Fig. 5 (b) for the discontinuous case 
and using (1), one can verify the circuit for E-field coupling.  
The results are given by the second column in Table III.  The 
real voltage developed is independent of the direction of the 
B-field relative to the loop normal. 

 

 
 

Fig. 5.  Magnitude of the real E-field developed over antennas for (a) the 
continuous case with no load, and (b) the discontinuous case with CL3. 

To find vSB, one simply adds the magnitude of the 
imaginary voltages developed at the load and parasitic gap.  
The magnitude of the imaginary E-field developed over the 
antennas is illustrated in Fig. 6.  The results are given by the 
last two columns of Table III.  Note that the imaginary voltage 
developed at the parasitic gap is 180º out of phase with the 
one at the load gap and approximately equal in magnitude 
only when CPB equals CAB+CL.   

The remaining capacitances, CPB and CAB, were found by 
two different methods.  In the first method, ratios of (2) and (3) 
were used for cases with two different loads.  This system of 
equations could then be solved for CPB and CAB.  The results 
were most accurate when the open circuit case was not used, 
presumably due to small effects from the fringe fields.  These 
results indicated that CPB + CAB = CAE.  This allows one to 
substitute CAE into the denominators of (2) and (3), which 
could then be solved for CPB and CAB, as given by (4) and (5).   

Using values in Table III along with (4) and (5) we 
calculate that for the continuous case CPB = 6.19 pF, CAB = 3.41 
pF, and for the discontinuous case CPB = 2.17 pF, CAB = 2.47 
pF.  By comparing the real voltages to the imaginary voltages 
in Table III, we see that the E-field coupling develops 
voltages that are much larger than the imaginary voltages for 
the given load capacitances.  If E/B were no longer the speed 
of light, as in a shorted cavity, this will no longer be the case. 

 
 

Fig. 6.  Magnitude of imaginary E-field developed over antennas for (a) the 
continuous case with no load, and (b) the discontinuous case with CL3. 

 

TABLE III 
CALCULATED LOAD AND PARASITIC GAP VOLTAGES IN MILLIVOLTS 

 Re_v Im_v (vLB) Im_v (vPB) 
Continuous, Open -85.40 (vSE) -0.5380 0.3034 
Continuous, CL1 -66.60 -0.4201 0.4220 
Continuous, CL2 -49.84 -0.3149 0.5272 
Continuous, CL3 -36.62 -0.2319 0.6105 
Discontinuous, Open  -95.60 (vSE) -0.3790 0.4420 
Discontinuous, CL1 -60.43 -0.2394 0.5818 
Discontinuous, CL2 -38.64 -0.1530 0.6682 
Discontinuous, CL3 -25.48 -0.1008 0.7286 
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III. CIRCUIT VALIDATION USING FDTD 
To test the model that was developed we will use the 

FDTD-PIC code VORPAL to perform a full wave analysis in 
the time domain.  We will simulate both antennas shown in 
Fig. 1 with various loads for a sinusoidal excitation (in the 
time domain) then a lightning pulse excitation.  The 
simulation geometry is illustrated in Fig. 7 for a sinusoidal 
input.  The size of the simulation domain in the x-direction is 
0.4 m with periodic boundary conditions.  The ground plane 
ends at y = 0 and the top plate of the parallel plate waveguide 
begins at y = 0.8 m.  Two transparent E-field wave sources are 
placed in the z-direction.  Source 1 is placed at z = -0.296 m 
and source 2 is placed at 0.296 m.  Two cells behind each 
wave source is a 0.02 m thick PML.  Using two wave sources 
allows one to simulate an arbitrary reflection from the end of 
the parallel plate waveguide without having to model the 
actual load.  In all of our FDTD simulations we will simulate 
a short circuit at source 2 by picking the amplitude of source 2 
to be the negative of that of source 1 and delaying the pulse by 
2*0.296/c, where c is the speed of light.  The inductive 
electric field that is produced is non-uniform, as shown in Fig. 
7.  The B-field is uniform over the antenna and is increased by 
a factor of two due to the short circuit condition.   

(a) (b) 
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Fig. 7.  Illustration of parallel plate geometry for FDTD simulations showing 
the inductive E-field near its peak value for a 1 V/m, 1 MHz sinusoidal input.  
The dotted line represents the location of the antenna (not simulated). 

For the first several examples the input at source 1 will be 
(1-exp(-t3/4E-22))cos(2πft+0.25π) V/m, with f = 1 MHz.  If 
one were to simply use a sine or cosine the discontinuities in 
the function or its derivative introduces high frequencies into 
the simulation, causing the antenna to resonate, violating our 
assumption about a low frequency excitation.  The 
exponential factor multiplying the cosine dampens this high 
frequency.  The resultant E-field and B-field in the waveguide 
with no antenna present are shown in Fig. 8 for a half cycle of 
the cosine after the exponential factor has decayed.  The E-
field is shown at the two vertical sections of the folded 
antennas as well as at the center.  Because the B-field is 
uniform over the antenna it is shown only at the center 
location (z = 0).  Note that the peak total E-field has been 
lowered by ~80 at the center of the antenna relative to the 
incident pulse, while the peak total B-field has been doubled 
relative to the incident pulse.  The dashed lines in Fig. 8 are 
from simple closed form calculations to predict the fields and 
show excellent agreement with the simulated values.   

 

 
 

Fig. 8.  The (a) E-field and (b) B-field in the empty cavity found from the 
FDTD simulation as well as calculated values from closed form expressions. 

 

The first antenna simulations were performed for both the 
continuous and discontinuous folded antennas with CL2.  The 
simulated and calculated voltages at the load (z = -0.1 m) and 
the parasitic gap (z = 0.1 m for continuous case and z = 0 for 
discontinuous case) are shown in Figs. 9 and 10.  The 
calculated values were obtained using the E-field and B-field 
values at z = 0 m.  Figs. 9 (a) and 10 (a) show the calculated 
voltage components due to the E-field coupling and the B-
field coupling.  The voltages due to the E-field coupling have 
the same magnitude and polarity for the load and parasitic gap. 
The voltages developed for the B-field coupling are 180º out 
of phase and have different magnitudes for load and parasitic 
gap.  We also see that because the ratio of E/B has changed, 
the voltages due to the B-field coupling are on the same order 
of magnitude as the E-field coupling and cannot be neglected.  
Figures 9 (b) and 10 (b) shows the results of the voltage from 
the simulation, as well as the calculated values found by 
summing the contributions from the E-field and B-field 
coupling (vE + vB) for both the load and parasitic gap.  We see 
that excellent agreement is obtained between the calculated 
and simulated values. 

The last simulation with a sinusoidal excitation was for the 
continuous folded antenna with CL1.  For this case the voltages 
developed at the load and parasitic gap for the B-field 
coupling are ~equal in magnitude but 180º out of phase.  The 
results are shown in Fig. 11.  Figure 11 (a) shows the 
contributions to the voltages for E-field and B-field coupling. 
 

 
 

Fig. 9.  For the continuous folded antenna with CL2 attached (a) the 
contributions to the voltage due to E-field and B-field coupling at the load and 
parasitic gap, and (b) the simulated voltages and calculated total voltages at 
the load and parasitic gap. 

 

 
 

Fig. 10.  For the discontinuous folded antenna with CL2 attached (a) the 
contributions to the voltage due to E-field and B-field coupling at the load and 
parasitic gap, and (b) the simulated voltages and calculated total voltages at 
the load and parasitic gap. 

(a) (b) (a) (b) 

(a) (b) 



We see that the values are nearly equal in magnitude for the 
E-field and B-field coupling.  The simulated and calculated 
total voltages at the load and parasitic gap are shown in Fig. 
11 (b).  We can see that the calculated and simulated values 
have excellent agreement for the load side.  An expanded 
view of the parasitic gap voltage is shown in Fig. 11 (c).  We 
see that the simulated and calculated total voltages don’t agree 
as well and results in a percent difference of ~17% at the peak.  
The values of CAB and CPB were modified to 3.4525pF (1.2% 
change) and 6.1475 pF (0.7% change), resulting in the 
corrected calculated value shown in the figure.  This 
extremely sensitive case further validates our model as the 
small change in capacitance needed to obtain the excellent 
agreement between simulated and calculated voltages can 
easily be explained by small computational errors and the 
effect of the fringe capacitances introduced by removing the 
load from the antenna in the simulations to calculate vSE, CAE, 
and CL. 
 

 
 

 
 

Fig. 11.  For the continuous folded antenna with CL1 attached (a) the 
contributions to the voltage due to E-field and B-field coupling at the load and 
parasitic gap, (b) the simulated voltages and calculated total voltages at the 
load and parasitic gap, and (c) expanded view of the simulated and calculated 
total voltages at the parasitic gap using the original and corrected values for 
CAB and CPB. 

As discussed in the introduction, an important application 
for the coupling model being analysed is for when lightning 
strikes a facility.  In order to validate that the coupling model 
developed is applicable to the entire frequency spectrum for 
lightning, a realistic lightning pulse is needed to excite the 
folded antenna structure.  We will use a modified version of 
the Heidler lightning pulse discussed in [14] for the negative 
first stroke current.   

The pulse has been rescaled such that the peak lightning 
di/dt is 400 kA/µs.  It has been modified by shifting the pulse 
forward 2.5 µs in order to shorten the computational resources 

needed to run the FDTD simulation.  The pulse was then 
multiplied by (1-exp(-t2/8E-13)) in order to remove 
discontinuities introduced by the time shift in the lightning 
current and its derivative.  The exponential factor multiplying 
the shifted pulse decayed to one before the current and its 
derivative became appreciable.  The resulting pulse is shown 
in Fig. 12.  Also shown is a double exponential that has 
approximately the same peak di/dt.  The double exponential 
model is not suitable for simulations due to the large 
discontinuity in di/dt at t = 0.  Figure 12 (d) displays the 
amplitude of the frequency spectrum for both the lightning 
pulse and its derivative, showing that they are both low 
frequency.  For our validation simulations the lightning pulse 
is simply used as the E-field wave source.  Figure 13 shows 
the resultant E-field at the two vertical sections of the folded 
antennas and the center, as well as the B-field at the center 
when empty cavity is excited by the Heidler lightning pulse.   
 

 
 

 
 

Fig. 12.  For a Heidler and double exponential lightning pulse (a) the current, 
(b) an expanded view of the current near the peak di/dt, (c) the derivative, and 
(d) the frequency spectrum of the current and its derivative. 

 

 
 

Fig. 13.  The (a) E-field and (b) B-field in the empty cavity found from the 
FDTD simulation as well as calculated values from closed form expressions 
for the Heidler lightning pulse excitation. 

(b) (c) 

(a) 
(a) (b) 

(c) (d) 

(a) (b) 



Finally, simulations were performed for both the 
continuous and discontinuous folded antennas with CL2 
attached and a Heidler lightning pulse excitation.  The 
simulated and calculated voltages at the load and the parasitic 
gap are shown in Figs. 14 and 15.    We see that excellent 
agreement is obtained between the calculated and simulated 
values for both cases.  This validates that our model is 
applicable to both E-field and B-field coupling for a realistic 
low frequency lightning pulse. 
 

 
 

Fig.14.  For the continuous folded antenna with CL2 attached and a Heidler 
lightning pulse excitation (a) the contributions to the voltage due to E-field 
and B-field coupling at the load and parasitic gap, and (b) the simulated 
voltages and calculated total voltages at the load and parasitic gap. 

 

 
 

Fig.15. For the discontinuous folded antenna with CL2 attached and a Heidler 
lightning pulse excitation (a) the contributions to the voltage due to E-field 
and B-field coupling at the load and parasitic gap, and (b) the simulated 
voltages and calculated total voltages at the load and parasitic gap. 
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